RNA-dependent RNA polymerases (RDRPs) and RNA-dependent DNA polymerases (reverse transcriptases) catalyze the replication of RNA viruses. Unlike the DNA-dependent DNA polymerases that mediate replication in the DNA world, RDRPs and reverse transcriptases usually lack 3 exonuclease activity, and thus mutations incorporated during replication are not corrected [Steinhauer et al., 1992] . The one exception is that of coronaviruses, which are the giants in the world of RNA viruses with genomes up to 30 kb in size and have a relatively low mutation rate due to the presence of 3 -5 exonuclease activity [Denison et al., 2011] . Furthermore, none of the RNA viruses have the equivalents to any of the systems that correct nonreplicative damage in DNA. The result is a mutation rate in the order of 10 -3 to 10 -5 substitutions per nucleotide and round of replication, or one mutation per genome [Drake and Holland, 1999] .
populations has dramatic negative fitness effects in a mice model, and increasing variation through mutagenesis leads to fitness recovery [Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006 Vignuzzi et al., , 2008 .
Host cells sometimes provide additional sources of variation that may result in hypermutagenesis through editing [Patterson et al., 1995] or in cells with unbalanced nucleotide pools [Martinez et al., 1994] . The biological significance of these two mechanisms is unclear, but editing has been associated with a rare but fatal disease (subacute sclerosing panencephalitis) characterized by the isolation of defective, hypermutated measles virus [Cattaneo et al., 1986] .
For some viruses, recombination is another source or genetic variation. The generation of new genomic sequences always requires coinfection of a single cell by two (or more) different parental virions. Among virologists, the term recombination is usually restricted to genetic exchange during which a new molecule is generated from two or more parental molecules. All RNA virus families may undergo recombination, but, with very few exceptions [Plyusnin et al., 2002] , those with negative-stranded genomes can only undergo nonhomologous recombination that results in the generation of defective interfering particles [Holland, 1991] . RNA viruses with positive-sense genomes may undergo homologous recombination. While there are both replicative and nonreplicative mechanisms that result in recombinant genomes, the former is the most common and takes place by template switching or copy choice. Briefly, RDRP with a nascent strand attached leaves the original template and finds an alternative template (with a different sequence if it is to generate a new genomic sequence) to which the nascent strand binds and replication continues. Template switching may occur multiple times during the generation of a single genome and, at least for some viral species, a large fraction of new genomes are recombinant molecules [Kirkegaard and Baltimore, 1986] . Recombination may also result in the acquisition of host cell genomic material. The acquisition of large fragments is unusual, and its significance unknown [Meyers et al., 1989 ], but some species undergo frequent recombination involving short host sequences [Onafuwa-Nuga and Telesnitsky, 2009] .
A second mechanism of genetic exchange among viruses is reassortment, which takes place in segmented viruses. When a cell is coinfected with at least two parental strains with different sequences, each segment from each progenitor is replicated. During the assembly of new virions, segments from different parents become enveloped in a single particle. Influenza pandemics are typically the result of reassortment among different strains, some of human origin some from other animals such as birds or swine [Brockwell-Staats et al., 2009] .
Determinants of Survival and Adaptation
From an evolutionary point of view, mutations are classified into three types depending on their effect on fitness: beneficial, neutral, and deleterious. However, mutations can have evolutionary relevance beyond that of their fitness effects.
The quasispecies theory [Eigen, 1996; Wilke, 2005] describes the dynamics of populations replicating at a high mutation rate. It is an appropriate framework to describe and explain the evolutionary behavior of RNA viruses [de la Torre and Holland, 1990] . The quasispecies theory predicts selection for increased mutational robustness. Mutational robustness is defined as phenotypic stability in the face of genetic change. Selection for this robustness can result in 'survival of the flattest' [Wilke et al., 2001] . Let us consider two fitness peaks, one sharp and one flat ( fig. 1 ) and two progenitors, one at the top of each peak. The progeny of each individual will have an average of one mutation per genome, so the genomic sequences generated will be distributed away from the progenitor's sequence. In the case of the sharp peak, this displacement Fitness landscapes showing differences in robustness. Two peaks are represented: a flat peak on the left and a sharp peak on the right. Black diamonds represent progenitors that start to replicate and generate the progeny represented by grey diamonds. At high mutation rates, the progeny will be displaced from the site where the progenitor sits. If the peak is flat (high robustness), fitness is maintained; but if the peak is sharp, there is fitness loss (low robustness) and the populations will be outcompeted.
will result in progeny of lower fitness, but in the case of the flat peak displacement it will result in the occupation of areas where fitness is maintained. As a result, if these two individuals had to compete against one another, the more robust genome would win the competition despite equal initial fitness. Viral populations are often described by their consensus sequence . The consensus sequence contains at each position the most frequent nucleotide present in the population at that position. However, it is important to realize that at high mutation rates, the consensus sequence may not necessarily be itself a viable viral sequence that is actually present in the population ( fig. 2 ). Yet, the viral sequences (or changes in the sequences) reported in the literature usually refer to the consensus sequence, even if this is slowly changing due to increased use of next-gen sequencing. The quasispecies literature often also uses the term master sequence . The master sequence is the highest-fitness sequence in the population. While the master sequence is a sound concept in theory, in practice it is generally not possible to identify the master sequence in an experimental population. Finally, another term often used in the literature is mutant cloud , which refers to the distribution of mutant genomes in sequence space [Roossinck and Schneider, 2006] . Long-term survival also depends on adaptability, or the ability of a population to increase in fitness. Some authors use the term evolvability [Burch and Chao, 2000] , but because evolution may result in fitness stasis when neutral mutations are fixed, or even in fitness losses, we suggest using the term adaptability for the process of adaptation. Adaptability is determined genetically, at least in part, and it may be lost if selection is relaxed, such as it would during repeated bottleneck events. Loss of adaptability results in extinction in the presence of competitors of higher adaptability [Novella, 2004; Novella and Ebendick-Corpus, 2004; Quer et al., 2001 Quer et al., , 1996 .
The initial period of adaptation to an environment is the result of selection of preexisting variation [Dutta et al., 2008] . At early time points, fitness changes may be substantial without changes in the consensus sequence because a new beneficial allele on its way to fixation is at a frequency that is high enough to have a measurable effect of the population average, but still too low for detection as the dominant nucleotide in that position. In this case, it is only a matter of time until the new allele becomes dominant [Novella and Ebendick-Corpus, 2004] . The history of the strain, including exposure to different hosts, determines what type of beneficial variation is present in a population once the environment changes [Novella et al., 2007] . 
Arboviruses
Many viruses cycle between vertebrate hosts and arthropod vectors, including several significant human and veterinary pathogens ( table 1 ). Different species have natural cycles that differ in their complexity ( fig. 3 ). In most cases, but not always, humans and livestock are dead-end hosts and the results of spillover from one of the vectors. Vectors can transmit the virus vertically from females to their eggs, and horizontally to vertebrate hosts during blood meals. There is no horizontal transmission among vectors. Some viral species may go through multiple cycles that are sometimes geographically separated and include more than one vector and more than one vertebrate. One such example is DENV, which can circulate in the wild among primates (sylvatic cycle) and in populated areas among humans (urban cycle). Only some species, such as VSV, feature horizontal transmission among vertebrate hosts. Arthropod-borne viruses, or arboviruses, include members of several families that are characterized by enveloped virions and RNA genomes. We will next provide a brief description of each virus family, but for those interested in additional details, we suggest the relevant chapters of Field's Virology [Burke and Monath, 2001; de Mattos et al., 2001; Griffin, 2001; Lindenbach and Rice, 2001; Nichol, 2001; Rose and Whitt, 2001; Schlesinger and Schlesinger, 2001; Schmaljohn and Hooper, 2001] .
Togaviridae
The majority of togaviruses are arboviruses and form the group alphaviruses (the exception is rubella). The viral particle is composed of a single-stranded, positive-sense RNA molecule of about 12 kb with nonstructural proteins in the 5 half of the genome and structural proteins in the 3 half of the genome. The RNA is covered by an icosahedral capsid and a membrane that carries viral proteins in its surface, including the receptor-recognition protein.
Once the virus attaches and the genome is released into the cell's cytoplasm, it serves as mRNA and produces a polyprotein that gets proteolytically processed and includes nonstructural proteins. One of these proteins is the RDRP that mediates the copying of the genomic positive strand into an antigenomic negative strand, which in turn serves as a template to synthesize a subgenomic RNA for structural polyprotein and a full-length, genomic RNA that will become part of the new crop of virions. The structural polyprotein is also proteolytically processed to generate capsid and envelope (external) proteins. Newly formed capsids with their corresponding genomes acquire their membranes and exit the cell by budding.
Flaviviridae
Virus species in this family are very similar to those in the Togaviridae family. They are composed of a singlestranded, positive-sense RNA genome of about 11 kb inside an icosahedral capsid and surrounded by a membrane envelope that carries viral proteins. However, their genomic structure differs in that the genes for structural proteins are in the 5 end, while nonstructural genes occupy the 3 half of the genome. The replication cycle is similar to that described for alphaviruses, except that there is no formation of subgenomic RNA, so the complete genome is translated into a single polyprotein that is processed into unit-size, functional proteins.
Bunyaviridae
Bunyaviruses are the one group of arboviruses that have segmented genomes. There are three single-stranded RNA segments in each viral particle, two of them of negative sense and one ambisense, with one gene of positive and one gene of negative polarity. The genomic size is about 13 kb and the RNA is bound to viral proteins, including the RDRP. After cell attachment and entry, the bunyavirus genome is transcribed and the transcripts are translated into viral proteins, followed by a switch from transcription to replication to generate antigenome intermediates and, from them, some are transcribed and others become new genomic segments that bind viral proteins to form new ribonucleoproteins (RNPs), and these RNPs acquire their membrane and exit by budding.
Rhabdoviridae
The rhabdovirus particle consists of a membrane that carries viral proteins and contains a molecule of singlestranded, negative-sense RNA of about 12 kb and 5-7 individual genes flanked by nontranslated sequences. Several viral proteins, including the RDRP, bind to this genome to form the RNP, which serves as template for transcription and replication. Once the virus binds to a cell and the RNA is delivered into the cytoplasm, the RDRP mediates transcription of monocistronic RNAs that are translated into individual proteins. Next the RDRP switches to a replicative mode and generates full-length, positivesense molecules that serve as a template to produce fulllength, negative-sense progeny. The appropriate new viral proteins bind these genomes, and the progeny RNPs acquire membranes and exit the cell by budding.
Selection for Generalization and Specialization
There is some variation in the literature in the definition and methods to measure the degree of generalization and specialization [Devictor et al., 2010] . In simple terms, generalists are often described as the jack-of-all-trades, master of none . Thus, generalization has a cost in that a generalist cannot compete with a specialist in the environment to which the specialist is adapted. The other side of the coin is that of the specialist, which is highly adapted to one environment but suffers a cost as the potential to perform poorly in other environments [Kassen and Rainey, 2004] . For example, host specificity of phage ⌽ -6 depends largely on receptor recognition, and the virus seems unable to produce a protein that can recognize multiple bacterial receptors simultaneously, so adaptation to new hosts usually results in loss of recognition of the old host receptor [Ferris et al., 2007] . Some environmental conditions may have an effect on the selection of specialists or generalists, such as interspecies competition [Johnson et al., 2009] , coevolution with the host [Hall et al., 2011] , or the supply of beneficial variation [Jasmin and Kassen, 2007] , which does not seem to be limiting in RNA viruses [Betancourt, 2009; Bollback and Huelsenbeck, 2007; Dutta et al., 2008] . While there are some arguments as to whether true generalists exist in nature [Loxdale et al., 2011] , arboviruses are usually considered the ultimate generalists due to their potential to replicate and perform well in a wide variety of hosts [Weaver, 2006] . During the past decade or so, there has been a substantial body of work to analyze the rules governing the evolution of arboviruses in both vectors and hosts.
Viral Evolution during Host Alternation
Because of the alternation between vectors and hosts during their natural cycles, several authors proposed that arboviruses should be under selection for generalization and incur the corresponding costs. The assumptions of this model are that vectors and hosts provide disparate environmental conditions such that there are heavy tradeoffs, and that adaptation to one can only come at the cost of adaptation to the other. In terms of fitness landscapes, the environments that vector and host provide include only a few (and minor) overlapping fitness peaks, so populations that adapt well to one environment become maladapted and disappear during the switch to the other environment, and only populations that could do well enough in both environments would survive ( fig. 4 a) . This hypothesis had the additional appeal of explaining why arboviral genomes are relatively stable in nature [Weaver et al., 1994] , at least when compared to other RNA viruses.
The basic experimental test of this hypothesis consists of following regimes of repeated passages on each host and comparing the results with those observed in regimes where the virus was allowed to replicate back and forth between host and vector. Progeny of virus evolved under these conditions is tested for changes in fitness, and their genomes are sequenced to determine the number and type of mutation accumulated in the process. Some groups measure fitness in competition assays similar to those developed by Holland et al. [1991] , using a genetically-marked, surrogate WT and following changes in the ratio between the two competitors. The genetic marker may result in a phenotypic change that allows the formation of an identifiable plaque, in which case numbers represent live virus. In other cases, the marker allows the specific amplification of each competitor's gene fragment [Troyer et al., 2008] or the fragment is amplified for both competitors, but one of the fragments has a restriction site [Vignuzzi et al., 2006; Weaver et al., 1999] . In these last two cases, numbers represent genomes, which may or may not correspond to live virus. Finally, some groups use viral titer or viral growth curves as a surrogate of fitness [Ciota et al., 2007a [Ciota et al., , 2008 Llewellyn et al., 2002; Moutailler et al., 2011; Vasilakis et al., 2009] .
Cost of Specialization and Generalization
Continuous passages of viruses in a single host or vector type always result in viral adaptation to that environment when fitness is measured in competition [Coffey and Vignuzzi, 2011; Greene et al., 2005; Mandl et al., 2001; Novella et al., 1995a Novella et al., , b, 1999 Smith-Tsurkan et al., 2010; Turner et al., 2010; Weaver et al., 1999] . Using virus production as a surrogate, most of the time there is evidence of adaptation [Chen et al., 2003; Ciota et al., 2007b Ciota et al., , 2008 Ciota et al., , 2009 Coffey et al., 2008; Cooper and Scott, 2001; Llewellyn et al., 2002; Moutailler et al., 2011; Romanova et al., 2007; Vasilakis et al., 2009 ], but occasionally there are no measurable changes [Ciota et al., 2007c] . It is possible that continuous passages result in no fitness changes if the virus is already highly adapted to the environment. It is also possible that measuring virus production is not sensitive enough to detect existing differences [Novella and Ebendick-Corpus, 2004] , and it would be interesting to see whether competitions render the same results.
The first unexpected result observed during adaptation to single hosts or vectors was that tradeoffs were not always predictable, not even outside host taxonomic groups. Tradeoffs for VSV replicating in sand fly (LL-5) or mammalian cells (Baby Hamster Kidney, BHK-21) are asymmetric and only evident when the virus establishes persistent infection of the sand fly cells [Novella et al., 1995a; Zarate and Novella, 2004] . Acute infection of BHK-21 or LL-5 cells results in adaptation to the bypassed host [Novella et al., 1999] . Studies using other mammalian cell lines confirmed that tradeoffs are unpredictable and less common than originally thought [Smith-Tsurkan et al., 2010; Turner et al., 2010] , and suggest that they are not the main cost of specialization. However, virus adaptation to the bypassed cell lines is usually not as substantial as adaptation to the environment in question, so there is a cost due to the shape of fitness landscapes: a genotype is at high fitness peaks in both environments, but the peak in the bypassed environment is shorter than the peak in the environment where the virus is adapting [Smith-Tsurkan et al., 2010] . For EEEV, tradeoffs are usually observed between mammalian and insect cell lines, but not among different mammalian host cells lines or among different mosquito cell lines [Weaver et al., 1999] . Tradeoffs for other arboviral species where these studies exist are unpredictable. For instance, vector-adapted RRV, SFV, VSV and RRV [Novella et al., 1995a; Peleg, 1971; Singh et al., 1971; Taylor and Marshall, 1975] replicate poorly in mammalian environments, but WNV and SLEV do not lose fitness in bypassed avian cells [Ciota et al., 2008 [Ciota et al., , 2009 . A simple explanation for the lack of expected tradeoffs could be that cell culture does not provide the environmental complexity found in live vectors and hosts, which would include additional components such as antiviral molecules. However, some of these experiments use in vivo infection and the results are consistent [Ciota et al., 2008; Jerzak et al., 2008; Vasilakis et al., 2009] . Plasmodium parasites, which cause malaria and are also transmitted by mosquitoes, also have the ability to perform well in multiple avian hosts [Hellgren et al., 2009] , suggesting that this ability is not restricted to arboviruses. These results are important for predicting and modeling the emergence of new diseases from their natural reservoirs. Emergence requires some degree of contact between the old host and new host, but if the frequency of the old host is high and tradeoffs are significant, there will be little or no selection to promote niche expansion. Thus, emergence is most likely at intermediate frequencies of the original host [Benmayor et al., 2009] . However, in the absence of tradeoffs we would expect a direct correlation between the frequency of the old host and probability of emergence.
It is not surprising, given the frequent lack of tradeoffs, that alternation between vector cells and host cells does not result in evolutionary stasis, and fitness generally increases in both cell types [Novella et al., 1999 Smith-Tsurkan et al., 2010] . Even in the instances where tradeoffs were significant, replication back and forth in two environments results in fitness gains in both environments [Cooper and Scott, 2001; Greene et al., 2005; Weaver et al., 1999] , suggesting the frequent existence of common fitness peaks in two or more hosts or vectors ( fig. 4 b) . Interestingly, the first evidence of stasis came from experiments in which VSV was alternated between persistent LL-5 cell infection and acute BHK-21 cell infection. Persistent infections, which take place when insect vectors are infected, are characterized by slow, but continuous viral replication, with minimal or no cytopathic effect (cell damage). Under such conditions, heavy tradeoffs are observed when the virus is tested in mammalian cells, and evolution during alternation is very similar to that in the vector alone, with dramatic fitness increases followed by stasis in LL-5 vector cells, and fitness loss in BHK-21 mammalian cells . Similar experiments with VEEE [Coffey et al., 2008] and DENV [Vasilakis et al., 2009 ] also indicate that the vector is the most important determinant of the evolutionary trajectories of the virus and the contribution of the vertebrate is minimal, thus allowing these populations to be placed in low fitness peaks ( fig. 4 c) . One possible explanation for this predominance, at least in vivo, is the potential effect of bottlenecks, which are likely to occur during the infection of mosquitoes (resulting in less than 100% infection rates) [Coffey et al., 2008] and may delay the speed of adaptation [Dutta et al., 2008] .
Molecular Evolution
We do not know how fitness changes in natural arbovirus populations, and studies of evolution in nature are based on sequence analysis and some epidemiology. Measurement of the speed of mutation accumulation shows that arboviruses tend to evolve at a slower pace than other RNA viruses [Hanley and Weaver, 2008] , although still much more rapidly than DNA-based organisms. The results presented in the previous section clearly indicate that tradeoffs operating during switching between vectors and hosts do not limit the speed of fitness increases. It was still possible that other mechanisms operating during alternation could promote genetic stasis, but results from sequence analysis show otherwise.
When measuring mutation accumulation, in vitro and in vivo experiments consistently produce similar results. In most cases, when alternation results in as much fitness increase as single host/vector replication, alternation results in the accumulation of at least as many mutations as during viral evolution in the fastest evolving cell type [Coffey et al., 2008; Greene et al., 2005; Jerzak et al., 2008; McCurdy et al., 2011; Novella et al., 1999 Remold et al., 2008 , Vasilakis et al., 2009 . In most of the remaining cases, alternation results in genomic patterns that are similar to those promoted by replication in the vector alone [Presloid et al., 2008; Zarate and Novella, 2004] . Consistent with this predominance, tick-borne arboviruses tend to spend much of their life in their respective vectors, and they also show particularly slow rates of genomic evolution [Gould et al., 2003 ]. There are a few other reports that show different patterns of mutation accumulation and are difficult to interpret due the low number of mutations [Moutailler et al., 2011; Weaver et al., 1999] .
Sequence analyses have also helped us to understand the molecular basis of specific and nonspecific host adaptation and fitness costs. Extended receptor recognition is a common mechanism leading to niche expansion. Unlike in some phages, eukaryotic viruses' external glycoproteins can often acquire the ability to recognize new receptors without losing recognition of old receptors [Baranowski et al., 2001; Mandl et al., 2001; Smit et al., 2002] . Nonspecific adaptation can be important for human health because sometimes these new viral properties result in the ability to use dead-end hosts or new vectors for amplification and transmission, respectively, and thus promote emergence of epidemic strains [Anishchenko et al., 2006; Tsetsarkin et al., 2011] . It is important to note that emergence is highly dependent on the specific sequences of circulating genotypes, because epistasis may impose limitations on the number and type of mutations that a strain may acquire [Tsetsarkin et al., 2011] . The compactness of RNA virus genomes dictates extensive epistasis that can be observed experimentally [Novella and Ebendick-Corpus, 2004; Remold et al., 2008; Sanjuan et al., 2004] .
Two mechanisms can operate to produce a tradeoff. The first is mutation accumulation, which consists of the acquisition of mutations that are neutral in the environment where the organism is adapting (for instance, during hitchhiking), but deleterious in a bypassed environment [Elena and Lenski, 2003] . A second is antagonistic pleiotropy, which occurs when a mutation that is beneficial in the adaptive environment is, at the same time, deleterious in a bypassed environment [Levins, 1968] . Some results clearly show a contribution of antagonistic pleiotropy to tradeoffs [Presloid et al., 2008] , but there is little or no evidence supporting that mutation accumulation has a role to explain tradeoffs [Smith-Tsurkan et al., 2010] .
The types of mutations accumulated during adaptation were unexpected in many cases. Researchers use the relative frequency of synonymous and nonsynonymous mutations to deduce the type of selective forces that operate during evolution (after correction for synonymous sites and nonsynonymous sites, respectively). An excess of nonsynonymous sites (dN/dS 1 1) is considered to reflect positive selection, frequencies similar to that expected by random mutation (dN/dS ϳ 1) indicate random drift and excess in synonymous mutation (dN/dS ! 1) represents negative selection [Nei, 1987] . The assumption for this interpretation is that because proteins retain their sequence if the mutation is synonymous, selection cannot operate. However, in the case of RNA viruses the genomic sequence itself may be the target of selection, for instance, by carrying encapsidation signals [reviewed in Novella, 2003 ]. In the case of flaviviruses, codon usage seems to be a target for selection, and different dinucleotides are more or less frequently used depending on the host [Lobo et al., 2009] . Because of this additional layer to selection, regimes in which positive selection is the main or only driver of evolution (as demonstrated by fitness trajectories) frequently result in dN/ dS values close to 1 . Unfortunately, many studies do not even include results of synonymous mutations as they are assumed to be of no value, and other reports either have insufficient data or the data are not tested for statistical significance. However, convergence and parallel evolution of synonymous sites in different viral species support the idea that synonymous mutations are under selection [reviewed in Novella, 2003] . Overall, these results suggest that to conclude the type of selection (or lack thereof) operating on arboviral populations, dN/dS should be used with a great deal of caution and in light of the particular viral function(s) under investigation.
Quasispecies Clouds and Adaptability
Fitness changes do not always correlate with changes in the genomic consensus sequence. As indicated earlier, the simplest explanation is that the beneficial mutations are still on their way to fixation. However, changes in the composition of the quasispecies can have profound effects on the ability of a virus population to survive or undergo extinction [Grande-Perez et al., 2005] . Several studies report WNV and SLEV cloud size changes [reviewed in Ciota et al., 2011] . Both viruses show limited fixation of mutations during fitness changes, but characteristics and differential changes in cloud size [Ciota et al., 2007a, c; Fitzpatrick et al., 2010] . SLEV tends to be highly homogeneous in cell culture [Ciota et al., 2007a] , and natural isolates seem to lose genetic heterogeneity with time ( fig. 2 c) [Ciota et al., 2011] . In contrast, WNV increases its mutant cloud size during adaptation ( fig. 2 b) . There is a correlation between mutant cloud size and success in nature, so the SLEV has a relatively high ge-netic stability, low prevalence and is more restricted in its geographic distribution, while WNV, which was first brought to the USA in 1999, has spread across the country in just a few years and has a higher prevalence. Whether the relationship is just a correlation or causeeffect remains to be seen, but some plant viruses show similar correlation between host range quasispecies cloud size [Roossinck and Schneider, 2006; Schneider and Roossinck, 2001] .
Provided with a sufficient supply of beneficial variation, one might expect that host/vector alternation may promote higher genotypic (and phenotypic) variance, which, as discussed, may promote adaptation to new environments [Jasmin and Kassen, 2007; Kassen and Rainey, 2004] . Surprisingly, this does not seem to be the case. Alternation of CHIKV between mammalian and mosquito cells results in lower genotypic variance and compromised adaptability in new environments [Coffey and Vignuzzi, 2011] . Similar studies on VSV suggest that viruses with a history of host switching fare worse (as measured by virus production) in new thermal environments than viruses with a history of replication in single host . Results from our laboratory also failed to show increased phenotypic variance in VSV during alternation between different mammalian host cells or between mammalian and sand fly host cells compared to VSV replicating in single cell types [unpubl. data] .
